Abstract-The overall goal of this work is to introduce nerve cuff electrodes into upper extremity hand grasp systems. The first challenge is to develop a nerve cuff electrode that can selectively activate multiple hand functions from common upper extremity peripheral nerves. The Flat Interface Nerve Electrode (FINE) has shown selective stimulation capability in animal trials. The FINE wraps around the nerve and gently reshapes the nerve and aligns the fascicles within the nerve. Our hypothesis is that the FINE can selectively stimulate multifascicular nerves in the human upper extremity resulting in selective hand function. To assess the ability of the FINE to produce control of a hand with many degrees of freedom, we have tested the FINE in nonhuman primates. Fascicular organization and fascicle count are important factors to consider when determining electrode placement. The proximal nerve is an attractive electrode location to access both extrinsic and intrinsic muscles in the upper extremity. A challenge with the nonhuman primate model is that the nonhuman primate median and ulnar nerves both have uni-fascicular regions proximally. The human proximal median and ulnar nerves have an encouraging anatomy of multi-fasciculated nerves with redundant fascicles that may result in more selective hand function than is capable in the nonhuman primate.
I. INTRODUCTION
The overall goal of this work is to introduce nerve cuff electrodes into upper extremity hand grasp systems. To be a feasible technology for a hand grasp neuroprosthesis, a peripheral nerve electrode must activate multiple hand functions from a common upper extremity peripheral nerve. Currently available upper extremity neural prostheses incorporate muscle based electrodes [4] . Nonselective nerve *N. Brill is with Case Western Reserve University (phone: 216-368-8615; e-mail: natalie.brill@ case.edu).
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C cuff electrodes have been employed proximally for activation of shoulder and arm muscles [5] . The spiral cuff electrode [2] and the Flat Interface Nerve Electrode (FINE) [11] have been tested for implementation in a standing neuroprosthesis.
The Flat Interface Nerve Electrode (FINE) is an extraneural electrode designed to gently reshape the nerve [12] . By reshaping the nerve, the FINE increases the surface area and access to the central fascicles. Chronic studies have indicated that small applied pressures do not result in apparent histological or physiological change [7] . The FINE has been shown to be selective in acute cat experiments [6] , [9] .
Fascicular organization is important for achieving selective function from peripheral nerve stimulation. Jabaley et al. [3] demonstrated that the fascicles maintain an organization over the length of the upper arm. Brushart used horseradish peroxidase to trace nerve fibers along a monkey median nerve and found that the axons remained in a close group even though the fascicles intermingled [1] . Qualitative anatomy is available describing the fascicle arrangement in humans and monkeys, but detailed quantitative fascicular anatomy required for electrode design is limited. Preliminary data has shown that the success of the electrodes depends on the organization of the fascicles. Nerve diameter, fascicle size distributions along the nerve, fascicle counts, and organization of fascicles are necessary to determine the dimensions, geometry, and location of a peripheral nerve electrode in a hand grasp system. The nonhuman primate model was selected to demonstrate the capability of the FINE to produce selective hand function in a highly articulated hand. The human hand is a complicated organ with 22 degrees of freedom [15] and an opposable thumb with an additional 5 degrees of freedom. The nonhuman primate model is suitable because nonhuman primates are able to independently move their fingers [16] and most nonhuman primates have an opposable thumb. The number of extrinsic and intrinsic muscles controlling the arm, the distribution of nerve branches in the upper extremity, and the motor point distribution in the extrinsic muscles are similar in the human and nonhuman primates [17] . Based on this analysis, the nonhuman primate seems to be an appropriate model to test the hypothesis that the FINE can selectively stimulate multi-fascicular nerves resulting in selective hand function. 978-1-4244-3296-7/09/$25.00 ©2009 IEEE were carefully dissected for anatomical measurements. The branches of the muscles of interest were labeled with suture for later identification. The dissected nerves were then preserved in 10% formalin. The extracted nerves were cut perpendicular to the long axis of the nerve into 5 mm sections. Marking dyes were used to conserve the nerve orientation. These nerve sections were embedded in paraffin and cut at 1 mm intervals into10 µm thick sections. The slices were stained with methylene blue, staining the myelin and perineurium in the nerve cross sections (Figure 1) . Images of the slides were captured using a Zeiss Model microscope with a 1x, 10x, or 40x objective (Figure 1) . The images were measured with ImageJ [13] and analyzed with custom MATLAB (2007a, The MathWorks, Natick, MA) scripts.
II. METHODS

A. Histology and Anatomical Studies
B. Electrode Development
The electrode dimensions (Figure 2) were based on the anatomical measurements. The height, h, of the electrode was chosen to be between the diameter of the 2 nd and 3 rd largest fascicles. The width, w, was chosen to make the cross sectional area of the opening, w x h, to be 1.4 times the nerve cross sectional area. The wall thickness was chosen after calculating the pressure exerted on the largest fascicle, D f , in the nerve cross section according to previously validated methods [12] . The length along the nerve was selected to be 6 mm. The electrode body was made with MED-4870 (Nusil, Carpinteria, CA). The contacts were cut from 25 μm thick platinum foil and then welded to 7-strand 316LVM stainless-steel, PFA-coated wires from Fort Wayne Metals Research Corp.
C. Stimulation Recruitment
Two different FINE configurations, one for the ulnar nerve and one for the median nerve, both proximally and distally on each nerve, were tested on three terminal Rhesus Macaques, based on previously developed methods [19] .
Bipolar needle electromyography (EMG) electrodes were inserted into hand muscles innervated by the ulnar and median nerves. The EMG signals were recorded using programmable amplifiers (Cambridge Electronic Design). The EMG data was filtered with a low pass filter of 1000 Hz and sampled at 5000 kHz. A custom-built external stimulator (Crishtronics, Cleveland, OH) applied stimulation to the different contacts on the electrode. A custom MATLAB software package controlled the data recording and the stimulator output for pulse amplitude modulation and pulse width modulation recruitment. The muscle twitch was quantified by the rectified, 40 ms-windowed, integrated EMG response to the stimulation. The recruitment curves of each muscle were normalized to the maximum recruitment for the given muscle over all trials within the session.
D. Anatomically based Finite Element Models
A modeling paradigm has been developed to predict recruitment selectivity of the FINE [11] . In MATLAB, the nerve cross sections were traced and imported into Ansoft (Pittsburgh, PA), an FEM software package, to create a 3-dimensional representation of the nerve. The epineurium, perineurium, and endoneurium were assigned electrical conductances, as previously described [14] (Figure 3) .
Different contacts were activated with 1 mA cathodic current stimulation. The capacitance in the tissue and at the electrode interface may be assumed to be purely resistive. The generated voltage potentials throughout the nerve were calculated by Ansoft. The results were imported into MATLAB. Axonal diameter distribution [20] and 100 random positions of axons within the fascicles were specified in MATLAB and applied to a linear approximation method. We scaled the applied unit current amplitude to calculate the voltage fields. The linear approximation, based on features of the voltage field, was used to calculate the thresholds of axonal activation [18] .
III. RESULTS
A. Anatomy
The human median nerve and nonhuman primate median nerve followed similar fascicle count trends. A notable difference in the human anatomy is that the human median nerve had more fascicles than the nonhuman primate nerve. The human median nerve was multi-fasciculated throughout all regions where the non human primate had uni-fascicular nerve regions. This observation was also seen in the ulnar nerve. The uni-fascicular nerve regions in the nonhuman primate are not an optimal location for the fascicle selective cuff placement. B. Stimulation Stimulation in the nonhuman primate selectively produced pronation and recruitment of several extrinsic muscles ( Figure 5 ). Stimulation by a cuff at a proximal location in the median nerve from Monkey 2 was selective for pronator (Figure 6 ). When the cuff was shifted slightly distal, a different recruitment pattern was seen (Figure 7) .
C. Modeling
Finite element models were created from histology at two different proximal regions of the nonhuman primate median nerve. The cross section in Figure 8 shows a single, large fascicle. Stimulation from one contact resulted in axon activation throughout the large fascicle. Based on a different nerve cross-sections, another model with three fascicles was constructed (Figures 9-11) . Selective activation of all three fascicles was achieved from activation of three different contacts. The nonhuman primate was thought to be an appropriate model for testing a human hand grasp system because of their highly articulated hands. Although the nonhuman primate upper extremity anatomy has similar features to the human upper extremity anatomy, internal nerve structure is different which limits conclusions from the nonhuman primate. The human nerve is multi-fasciculated but in the nonhuman primate nerve, there are uni-fascicular nerve regions. Human nerves have more fascicles than the nonhuman primate nerves but have a similar number of muscles which indicates that the human nerve has multiple fascicles innervating a particular muscle. Redundant fascicles to a particular muscle allow for an increased opportunity to stimulate that particular muscle.
Axon organization in the nerve is necessary to produce selective hand function from nerve cuff stimulation. Axons tend to stay in a group throughout the monkey to the proximal level [1] . Axonal groups can be selectively stimulated in multi-fasciculated nerves by stimulating the individual fascicles in which they are contained [11] . In Figure 4 , the proximal fascicle count changed rapidly over a distance of a cm. Figure 7 demonstrates how moving the cuff in the proximal region of the median nerve slightly distal results in a different recruitment order.
Based on anatomy we suspect that we can achieve selective hand function in multi-fascicular regions of the human upper extremity nerves. The human femoral nerve, larger than nerves in the human and nonhuman upper extremity, has been selectively activated using the FINE [11] . Thus, the FINE is capable of producing selective activation at a scale larger than the nonhuman primate nerves.
Subfascicle selectivity has also been shown [6] but it is more difficult to achieve. The voltage field from the simulations in the endoneurium, within the fascicle, is approximately constant which limits the ability to selectively activate axons within a fascicle. Stimulation at one contact in Figure 8 activated axons throughout the fascicle. Axons in a multi-fasciculated model were selectively activated in different fascicles from stimulation in a single contact (Figures 9-11) .
V. CONCLUSION Axons in the uni-facular nerve in the nonhuman primate proximal region are difficult to selectively activate. Cuff placement at a multi-fascicular nerve region results in selective activation. Human nerves have an encouraging anatomy to promote selective stimulation in the proximal region of the nerve because they are multi-fasciculated and have redundant fascicles to a particular muscle. Anatomical measurements and anatomically based computer simulations of human upper extremity nerves will be applied to implement this potentially viable technology in a human upper extremity hand grasp system.
